HuR (ELAV11 (embryonic lethal, abnormal vision)-like 1), a ubiquitously expressed member of the ELAV-like RNA-binding protein family, has been shown to regulate the stability and translation of mRNAs that encode factors regulating cellular senescence, thereby impacting on aging. In this review, we discuss the current knowledge of HuR's role in vascular cell senescence and vascular aging.
Vascular cell senescence is defined as a state of indefinite growth cessation that accompanies the replicative exhaustion of cells or growth arrest triggered by cellular damage or oncogenic signaling [1] . It is accepted that vascular cell senescence contributes to vascular aging, a process of exhausted vascular function accompanied by changes including luminal dilation, increase in arterial stiffness, endothelial dysfunction, and diffuse intimal thickening [2] . The expression of senescence-associated genes that govern the progression of aging is regulated at multiple levels. In addition to transcriptional mechanisms, studies over the past decade have revealed that post-transcriptional gene regulation, especially through changes in mRNA turnover and translation, critically influences protein expression patterns in the senescent cell [1] .
Although the mechanisms controlling mRNA turnover or translation are not fully understood, interactions between regulatory factors and mRNAs are thought to be important for post-transcriptional regulation. The regulatory factors involved in mRNA turnover and translation include regulatory RNA binding proteins, microRNAs and long noncoding RNAs (lncRNAs) [1, 3, 4] . HuR, a ubiquitously expressed member of the Hu RNA-binding protein family, has been widely shown to stabilize various mRNAs. HuR also acts as an important regulator of translation and nuclear export of target mRNAs [1] . The molecular distinction between the function of HuR as a stabilizing factor for some target mRNAs and a factor that modulates translation of other target mRNAs is not understood in detail. It is well established that HuR binds to mRNAs bearing U-rich or AU-rich sequences (AREs), which are typically present in their 3′-untranslated regions (3′-UTRs) [5] . This review focuses on the RNA-binding protein HuR, which is involved in the regulation of turnover or translation of mRNAs encoding vascular aging-related proteins.
Post-transcriptional regulation in vascular cell senescence
The expression of senescence-associated genes is of critical importance for governing the progression towards and the maintenance of vascular senescence. Examples of genes whose expression is elevated during vascular aging or in senescent vascular cells include p16 INK4 , p21 CIP1 , p27 KIP1 , ICAM-1, TGF-β2, GADD153, PAI-1, IGFBP-5 and fibronectin, while genes whose expression is reduced include SIRT1, eNOS, cyclin A, cyclin B1, cdc2, Id-1, and DHP1 [6] [7] [8] . The regulation of aging-related genes at the transcriptional level has been intensively studied for several decades. Additionally, studies over the past decade have revealed that post-transcriptional regulation, especially through control of mRNA turnover and translation, critically influences protein expression patterns in the senescent cell [1, 9] . Among the post-transcriptional regulatory factors, the RNA-binding protein HuR is particularly influential in the establishment of senescence-associated protein profiles.
HuR and post-transcriptional regulation in vascular cell senescence
Proliferation arrest is a common and typical characteristic of cell senescence [10] . Therefore, genes involved in the regulation of cell division are regulators of cell senescence. Interestingly, HuR was described as a regulator of the cell cycle, at least in part, by mediating cell cycle-dependent stabilization of mRNAs encoding cyclins A and B1 (Table 1 ) [11] . During cell senescence, the loss of HuR function reduces the stability of mRNAs encoding cyclin A, cyclin B1, and c-fos, which in turn causes a reduction in the expression of these cell cycle regulators and enhanced cellular senescence [12] . In different cell types, elevation of the CDK inhibitor p16 contributes to proliferation arrest and the senescence phenotype. HuR was found to bind to the p16 INK4 3′-UTR and to recruit AUF1 and Ago2 (an important component of the RNA-induced silencing complex (RISC)). This led to the destabilization of the p16 mRNA in replicative senescence (Table 1) [13] . The secondary structure of the p16 3′-UTR is important for the function of HuR, because disruption of the secondary structure by point mutation completely abolished the effect of HuR in destabilizing p16 mRNA [13] . In a recent study, the tRNA methyltransferase NSun2 was shown to methylate the p16 3′-UTR at A988 (m6A). Methylation by NSun2 antagonizes the interaction of HuR with the p16 3′-UTR, thereby stabilizing the p16 3′-UTR. In oxidative stress-induced cell senescence, the NSun2-p16 regulatory process is responsible for elevating p16 levels [14] . p27
Kip1 is another important gene for the growth and senescence of vascular endothelial and vascular smooth muscle cells [15, 16] . HuR was also described as a repressor of p27 of translation (Table 1 ). The repression of p27 translation by HuR may depend on the association of HuR with the internal ribosomal entry site (IRES) located in the p27 5′-UTR [17] . The impact of HuR upon the above regulatory factors of the cell division cycle has not been reported with respect to vascular aging; however, this regulation may be important for this process because reduced levels of HuR during vascular aging are accompanied by decreased levels of cyclin A and cyclin B1 as well as increased levels of p16 and p27 [6, 7, 18] .
Apart from the aforementioned target mRNAs, HuR has also been reported to regulate the expression of SIRT1, TNF-α, IL-6, IL-8, eNOS, ICAM1, VCAM-1, and VEGF (Table 1) [923]. HuR can stabilize the mRNAs of SIRT1, TNF-α, IL-6, IL-8, and VEGF by recognizing the AREs located in the 3′-UTRs of these mRNAs [19, 20, 22, 23] . Reduced levels of SIRT1 were observed in senescent human diploid fibroblasts, and SIRT1 has a well-established impact upon senescence, certain diseases and life-span [24, 25] . Reduction of VEGF levels has also been described as an important event in vascular aging, and VEGF can prevent human vascular endothelial cells from senescence [8] . Because HuR, SIRT1 and VEGF levels decline with vascular aging [6, 8, 24] , it is possible that the reduced SIRT1 and VEGF levels in senescent cells may result from the loss of Increase [29] a) The vascular aging-related genes whose expressing is regulated by HuR are listed. The regulation level (mRNA stability or translation), effect (increase or decrease), and the references are presented. ND, not determined.
HuR-mediated mRNA stabilization. Endothelial nitric oxide synthase (eNOS), ICAM-1 and VCAM-1 are also targets of HuR. Indeed, a study by Rhee et al. [21] indicated that HuR may regulate eNOS, ICAM-1, and VCAM-1 by activating NF-κB. There is no supporting evidence for the direct association of HuR to eNOS mRNA; however, HuR is unable to influence the translocation of NF-κB directly; therefore, HuR may directly bind to eNOS mRNA and regulate its turnover or translation. This, however, requires confirmation. In summary, by regulating vascular senescenceassociated genes (Table 1) , HuR may act as a regulator of vascular cell senescence.
HuR and in vivo vascular aging
By secreting numerous cytokines, growth factors, and proteases (the senescence-associated secretary phenotype (SASP)), senescent cells contribute to tissue repair, tumor promotion, and in vivo aging [26] . Given that HuR regulates genes controlling vascular cell aging, studies have been conducted to investigate whether HuR influences the process of in vivo vascular aging. In aged rats, the expression of HuR in the aorta was significantly decreased at the mRNA and protein levels [8] . Treatment of apolipoprotein-E-deficient mice with TNF-α induced HuR translocation and interaction between HuR and the 3′-UTR of ICAM-1 mRNA, thereby increasing ICAM-1 expression and enhancing leukocyte adhesion [27] . Phosphorylation of HuR by PKC enhances HuR binding to target mRNAs [28, 29] . In the retina of streptozotocin (STZ)-induced diabetic rats, PKCβ/HuR activation was accompanied by enhanced VEGF protein expression that was blunted by a PKCβ inhibitor [30] . Therefore, HuR may be an important player in the process of in vivo vascular aging.
Conclusion
The altered abundance of genes expressed during vascular cell senescence determines the progression of cell aging. Undoubtedly, future studies will identify additional genes involved in senescence and HuR may target more mRNAs than we are currently aware of. Although the mechanisms underlying HuR-mediated regulatory events remain largely unknown, it is accepted that HuR often influences the fate of target mRNAs by working in association with other RNA-binding proteins and post-transcriptional factors (e.g., microRNAs) [13, 31, 32] . The association of HuR with other post-transcriptional factors and the influence of these associations on the regulation of genes involved in vascular aging should be carefully studied. In addition, regulation of HuR translation by miR-519, miR-146, miR-16, miR-125a and HuR itself have been reported [33] [34] [35] [36] [37] [38] . The miR-519-HuR and HuR-HuR regulatory processes impact on the expression of HuR in the replicative senescence of human diploid fibroblast [33, 35] . The impact of the above regulatory processes in vascular aging or age-related decline therefore needs to be further investigated. 
